Introduction
Treating segmental long-bone defects remains a major challenge in orthopaedic and trauma surgery. Defects can be caused by tumor resection, osteolyses, pseudarthroses and open fractures and infections. Smaller defects, up to 3 cm, are usually treated using autologous bone grafting. Major limitations of this method are donor-site morbidity, limited resources and decreased healing potential in elderly patients [1] . For defects >3 cm, segmental transport represents the gold standard. However, the method is time consuming and afflicted with several complications, such as pin-track infections, pseudarthrosis etc. Novel methods of cell-based therapy are promising in such treatment. Various biological proteins, such as platelet-derived growth factor (PDGF), platelet-rich plasma (PRP) and bone morphogenetic proteins (BMP), seem helpful in restoring critical-size bone defects [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Stem cell concentrates, such as bone marrow aspirate concentrate (BMAC®, Harvest Technologies Inc.) represent a biological single-step approach to this problem. Human bone marrow mesenchymal stem cells are harvested from the iliac crest, concentrated in the operating theatre and seeded onto an osteogenic scaffold, which is finally implanted into the defect.
The purpose of this study was to evaluate clinical and positron emission tomography-computed tomography (PET-CT) outcomes of repairs of segmental long-bone defects by grafting an osteogenic scaffold previously seeded with stem cell concentrate. The hypothesis was that BMAC scaffolds induce new bone formation and enable patients to reach full weight bearing earlier than patients with segmental transports.
Patients and methods
Five patients with segmental defects of long bones (6.6± 4.4 cm; 3-14 cm) treated between 2009 and 2010 were included in the study and followed for 24 months. The study open fracture of the proximal femur (Fig. 3) (Figs. 6 and 7) , and a resection of a G3 osteosarcoma of the distal femur (Figs. 8 and 9) .
In a single-stage procedure, bone marrow aspirates were processed according to the protocol provided by the manufacturer (Harvest Technologies, Munich, Germany). Briefly, a Jamshidi aspiration syringe was positioned in the middle of the anterior iliac crest and advanced into the intramedullary cavity. For each 3 cc of bone defect, 60 ml of aspirate was transferred into a bag that contained 4 ml of anticoagulant citrate dextrose solution (ACDA). The combined solution was filtered and transferred into a process disposable. The disposable was centrifuged for 15 minutes at 1,200 g in a cell separator. After processing, the plasma was withdrawn, the bone marrow concentrate was resuspended with the remaining plasma and 3 ml of concentrate were obtained; 1 ml was used for analysis of the cell concentration and phenotype, and the remaining concentrate was transferred into the sterile field and mixed with the bone substitute (Orthoss, Geistlich Pharma AG, Wolhusen, Switzerland). The concentration of stem cells was controlled by fluorescence-activated cell shortening (FACS) analysis, analysing expression of CD13, 15, 29, 34, 44, 45, 73, 90, 105, 106, 146, 166 and 271, cell surface glycosphingolipids SSEA-4 and 3, and anti-human STRO-1 antibody (Fig. 10) .
The concentrates were seeded onto a xenogenous bovine scaffold (Chronos®, Geistlich Pharma AG) and implanted into the bone defect. Clinical follow-up emphasised time until pain-free full weight bearing. The healing process was monitored by conventional X-rays every six weeks until bony consolidation. A dynamic [ Fig. 8 Defect after resection of a G3 osteosarcoma of the distal femur immediately after reconstruction (X-ray) Fig. 9 Defect after resection of a G3 osteosarcoma of the distal femur three months after reconstruction (positron emission tomography-computed tomography) SPSS Inc., Chicago, IL, USA) software package was used. A p value<0.05 was considered to be statistically significant.
Results
Full weight bearing was achieved 11.3±5.0 weeks after surgery and was maintained up to 24 months of follow-up in four patients. Centrifugation led to a concentration of leukocytes by factor 8.1±7.5. Mesenchymal stem cell (MSC) count was 62.6±46.2×10 3 . Results of the FACS analysis of various clusters of differentiation (CD) markers are shown in Fig. 10 . Results of PET-CT analysis for blood flow, fluoride influx, (SUV, and HU are shown in Table 1 . Bone density in the cortical area was 75±16 % of the contralateral side (p <0.03). Radiologically, the defects had healed in the follow-up in four of five patients (Figs. 1-7) .
The patient with the largest defect sustained an implant failure in the distal femur and finally accomplished therapy by segmental transport. He also had the lowest fluoride uptake (2.2-fold increase) and the lowest SUV (7.9 vs. >10 in all others) (Figs. 8 and 9 ).
Discussion
Treating segmental long-bone defects remains a major challenge. For defects >3 cm, segmental transport represents the gold standard, even though the method is time consuming and afflicted with several complications. Most established methods of regenerative medicine require ex vivo cultivation of stem cells and therefore carry several risks, such as infection, high laboratory costs and the need fpr at least two operations [14] . As an innovative method of cell-based therapy, using BMAC allows intraoperative enrichment and application of mesenchymal and progenitor stem cells as a singlestage procedure. The first promising clinical results from treatment with BMAC were reported in 2009 by Hendrich et al. [14] and Jäger et al. [15] , emphasising the safety of the intraoperative harvest and induction of osteogenic differentiation without further external stimuli. Jäger et al. [1] investigated the clinical follow-up of a heterogeneous patient collective treated with BMAC seeded on either a collagen sponge or bovine hydroxyapatite granula (Orthoss®, Fa Geistlich, Wolhusen, Switzerland). These hydroxyapatite granules are comparable with the Chronos® product used in our study. Those authors found earlier bone formation and healing in the hydroxyapatite group compared with the collagen-sponge group. Both BMAC groups revealed better results than patients treated with bone marrow aspirates without concentration. Gessmann et al. [16] investigated the effect of percutaneous application of BMAC into the regenerated bone section in eight patients with tibial bone defects who underwent segmental transport with a modified Ilizarov external fixation device. They found sufficient bone healing and no adverse events in all patients at a mean follow-up of ten months [16] .
As an alternative to segmental transport in long bones, fibula grafts can be used as for bone defects of, for example, the mandible. Schliephake et al. investigated revascularised fibula grafts for mandibular reconstruction by blood flow and fluoride influx by PET [17] . Those authors found a low osteogenic potential and a high rate of nonunion and recommended special care when adapting the graft and the mandible [17] . Guda et al. [18] investigated bone regeneration after filling a long-bone defect in a rabbit model using a hydroxyapatite structural graft covered with a permeable collagen membrane. They found increased bone volume, bone density, bone ingrowth and periosteal remodelling using the membrane, concluding that the membrane may act as a scaffold that fosters early interfacial integration [18] . Reichert et al. [19] used bone defects in a sheep model to compare autografts with biodegradable polycaprolactone and tricalcium phosphate composite scaffolds combined with either autologous bone-marrow-derived MSCs or recombinant human bone morphogenetic protein 7 (rhBMP-7). They found greater bone formation and better biomechanical properties in the scaffolds loaded with rhBMP-7 compared with the autografts. Plain scaffolds and scaffolds loaded with MSC provided less bone formation than the autograft and rhBMP-7 group [19] . Goshima et al. [20] performed a study on segmental bone defect repair in tibial shafts of rabbits using β-tricalcium phosphate (β-TCP) scaffolds loaded with hepatocyte growth factor (HGF). They found that HGF-loaded scaffolds promoted mineralisation, angiogenesis, new bone formation and β-TCP absorption [20] . Sauerbier et al. [21] and Rickert et al. [22] performed randomised controlled clinical trials to investigate formation of new bone in patients with severe atrophy of the maxillary sinus. Patients obtained an augmentation of the sinus from bovine bone material either with BMAC or autologous bone. Those authors found comparable formation of new bone in both groups three to four months after surgery. Zhong et al. [23] investigated immunodeficient mice concerning bone augmentation using β-TCP) augmented with either platelet-rich plasma (PRP) or BMAC. Compared with grafting the β-TCP-scaffold alone, both PRP and BMAC increased the number of new bone cells. Those authors found no difference between PRP and BMAC augmentation of scaffolds. With a special emphasis on the problem of bone defects in osteoporotic patients, Cao et al. [24] investigated osteoporotic bone-defect repair in long-term oestrogendeficient goats by using porous β-TCP scaffolds loaded with autologous, enriched bone marrow MSCs and found improved bone formation following the enriched MSC therapy [24] . Severe bone loss is also a major problem in revision joint replacement. Buttaro et al. [25] investigated a combination of struts and impacted bone allografts to treat patients with loosening of the hip arthroplasty. Those authors found satisfying survival rates of hip revision and a low incidence of periprosthetic fractures using that method [25] .
To our knowledge, this is the first study focussing on critical-size long-bone defects treated with the BMAC method and the first study applying the PET-CT method for surveying the regenerate viability. We found that treating critical-size long-bone defects with stem cell concentrates can yield good results both clinically and radiologically, attaining early full weight bearing and bone healing with sufficiently high bone density.
Conclusion
Stem cell concentrates can be an alternative to segmental bone transport for segmental long-bone defects >3 cm in case of good vascularisation of the implantation site. Measured results for fluoride uptake were comparably high compared with in vitro cultivated constructs and were higher than the results of vascularised allografts. Further studies are needed to define the position of this method compared with autologous bone grafting and segmental transport. For defects >7 cm and for poorly vascularised implant sites, segmental transport remains the gold standard. A multicentric prospective randomised controlled clinical trial is desirable in the future.
